Being born small is associated with an increased risk of visceral obesity and insulin resistance in adult life. We have investigated the effect of IUGR on adipogenic and lipogenic gene expression in visceral fat in the lamb at 3 wk of age. Perirenal fat mass, but not adipocyte size was greater in females than males, independent of birth weight. Plasma insulin concentrations during the first 24 h after birth predicted the size of the adipocytes and expression of adiponectin in visceral adipose tissue in both males and females. In females, plasma nonesterified fatty acids (NEFA) concentrations during the first 24 h after birth were directly related to peroxisome proliferator-activated receptor ␥ (PPAR␥) mRNA expression in the perirenal fat depot at 3 wk of age. In the males, in contrast to the females, PPAR␥ and leptin expression in perirenal visceral fat were significantly lower in IUGR compared with control lambs. Thus, the early nutritional environment programs adipocyte growth and gene expression in visceral adipose tissue. The differential effect of sex and IUGR on PPAR␥ and leptin expression in visceral fat may be important in the subsequent development of visceral obesity and the insulin resistant phenotype in later life. (Pediatr Res 66: 59-65, 2009) 
A worldwide series of epidemiologic and clinical studies has demonstrated that there are associations between patterns of growth in fetal and early postnatal life and the risk of obesity, insulin resistance, type 2 diabetes mellitus in adult life (1) (2) (3) (4) . In particular, individuals born small for gestational age (Ͻ10th centile for gestational age) who grow rapidly in the early postnatal period have a higher body fat mass from as early as 2 to 12 mo of age (5) and increased body fatness and abdominal fat accumulation during childhood (6) and adulthood (7, 8) . Although rapid postnatal "catch-up" growth is associated with increased insulin sensitivity, people who are thin at birth and later develop obesity have the highest risk of insulin resistance in adulthood (2, 3, 9) . There is also evidence that obesity after fetal growth restriction is associated with insulin resistance of adipose tissue (2, 10, 11) .
Peroxisome proliferator-activated receptor ␥ (PPAR␥) is a nuclear hormone receptor that plays a central role in the regulation of adipogenesis and lipogenesis. PPAR␥, as a heterodimer with retinoid-X-receptor (RXR)␣, modulates the synthesis and secretion of adipokines, such as adiponectin and leptin, and the induction of lipoprotein lipase (LPL), which in turn regulate peripheral insulin sensitivity, nonesterified fatty acid (NEFA) metabolism, and uptake, respectively (12) . Interestingly, the impact of Pro12Ala polymorphisms of the PPAR␥2 gene on insulin sensitivity are greater in lowbirthweight individuals, suggesting that PPAR␥ plays a pivotal role in the pathway from fetal growth restriction to later insulin resistance (13, 14) . It is not known, however, whether a suboptimal nutritional environment before birth programs altered expression of PPAR␥ or other genes within the adipocyte, which regulate adipogenesis and lipogenesis in postnatal life.
In sheep and pigs, adipogenesis and lipogenesis occur before birth as in the human, and low-birthweight offspring also undergo rapid postnatal growth and have a higher proportion of body fat in later life (15) (16) (17) (18) . We have previously shown that fetal growth restriction in the sheep is associated with decreased expression of leptin mRNA in the visceral adipose tissue before birth (19) , which may have consequences for the regulation of lipid metabolism and insulin sensitivity during postnatal life. It is not known, however, whether IUGR is associated with changes in gene expression within the visceral adipocyte after birth, which may contribute to increased accumulation of visceral adipose tissue. We have therefore, tested the hypothesis that IUGR in association with rapid postnatal growth results in an altered expression of genes within the visceral adipocyte, which regulate adipogenesis and lipogenesis, including PPAR␥, RXR␣, leptin, adiponectin, LPL, glycerol-3-phosphate dehydrogenase during the past 5 y was used to determine the birthweight range for IUGR in this population. Newborn lambs in this study were classified as IUGR when their birth weight was less than 2 SD below the cohort mean (IUGR, Ͻ4.3 kg; n ϭ 9) or normally grown if their birth weight was within 2 SD on either side of the mean (control: 4.5-6.7 kg, n ϭ 14). Using these criteria, three male and three female placentally restricted singleton lambs, a male and female pair of twin siblings and one female control singleton were allocated into the IUGR group. Therefore, there were four males and five females in the IUGR group and eight males and six females in the control group.
BMI for each lamb was calculated (weight/crown-rump length 2 ). Daily growth rate (%) was calculated as body weight gained per day as a percentage increase from the previous days' body weight.
The effects of IUGR and sex on the absolute and relative weights of fat, size of adipocytes, levels of plasma insulin, glucose, NEFA and leptin, and on expression of adipocyte genes were determined using two-way ANOVA. The Duncan's multiple range test was used posthoc to identify the differences between mean values. Relationships between the variables were determined using linear regression analyses. Where there were potential associations between independent variables, multiple linear regression analyses were used and partial correlation coefficients were derived. Where relationships between variables were found to be independent, simple linear regression analysis was then used. All data are presented as the mean Ϯ SEM and a probability of Ͻ5% (p Ͻ 0.05) was taken as significant.
RESULTS
The effect of IUGR on birth weight, plasma NEFA and insulin during the first 24 h, and postnatal growth. IUGR lambs were lighter and shorter at birth (p Ͻ 0.001) ( Table 2) and had a higher daily growth rate during wk 1 (p Ͻ 0.001) and wk 2 (p Ͻ 0.05) (Fig. 1A ). IUGR lambs also had lower plasma NEFA concentrations during the first 24 h compared with controls (p Ͻ 0.05). Partial correlation analysis of the relationships between birth weight, NEFA during the first 24 h after birth, and growth rate during wk 1 showed that in males NEFA was an independent predictor of wk 1 growth rate (r 2 ϭ 0.36, p Ͻ 0.05). In female lambs, however, NEFA was not related to wk 1 growth rate, and birth weight was an independent predictor of daily growth rate during wk 1 (r 2 ϭ 0.38, p Ͻ 0.05). In female lambs, but not in males, there was a positive relationship between birth weight and plasma insulin concentrations during the first 24 h after birth (Table 3 ) and insulin and growth during wk 1; however, these relationships did not persist when the effects of glucose and NEFAs were controlled for. The daily growth rate decreased (p Ͻ 0.05) between wk 1 and 3 in both IUGR and control groups (Fig.  1A) . At 21 d, IUGR lambs were lighter (p Ͻ 0.001) and shorter (p Ͻ 0.05) than control lambs and there was no effect of sex on weight or length ( Table 2) .
Plasma NEFA, glucose, insulin, and leptin concentrations during wk 1-3. During wk 1-3, plasma NEFA concentrations were lower in IUGR than control lambs. Plasma insulin, but not glucose, concentrations were higher in males than females, in both the IUGR and control groups ( Table 2 ). There were no differences in circulating leptin concentrations between IUGR and control lambs or between males and females. Visceral fat mass and adipocyte cell size. At 21 d, there was no difference in the relative perirenal or omental fat mass, or the mean size of perirenal or omental adipocytes between IUGR and control lambs (Fig. 2) . At 21 d, both absolute and relative perirenal fat mass were lower (p Ͻ 0.05) in males than females (Fig. 2) . In males, relative perirenal fat mass at 21 d was directly related to plasma insulin concentrations during the first 24 h after birth (Table 3 and Fig. 4 ) and this relationship persisted when the effects of birth weight were controlled for (r 2 ϭ 0.42, p Ͻ 0.05). In females, however, relative perirenal fat mass at 21 d was directly related to plasma NEFA concentrations during the first 24 h after birth (r 2 ϭ 0.79, p Ͻ 0.01; Table 3 and Fig. 4) , independent of the effects of birth weight or plasma insulin concentrations during the first 24-h postpartum. The relative perirenal fat mass in female lambs was also directly related to mean plasma glucose (r 2 ϭ 0.51, p Ͻ 0.05) and insulin concentrations (r 2 ϭ 0.52, p Ͻ 0.05) during wk 1-3; however, these relationships did not persist when the effects of plasma NEFA concentrations during the first 24 h after birth were controlled for. Plasma insulin concentrations during the first 24 h after birth, predicted the mean size of the perirenal adipocytes at 21 d in both male and female lambs (Table 3) and this relationship persisted when the effects of glucose and insulin concentrations during the first 3 wk of postnatal life were controlled for.
Adipocyte gene expression. In males and females, adiponectin mRNA and LPL mRNA levels in perirenal fat were each related to plasma insulin concentrations during the first 24 h after birth (adiponectin, r 2 ϭ 0.28, p Ͻ 0.05; LPL, r 2 ϭ 0.28, p Ͻ 0.05) and to the daily growth rate during wk 1 (adiponectin, r 2 ϭ 0.27, p Ͻ 0.05; LPL, r 2 ϭ 0.18, p Ͻ 0.05); however, these relationships did not persist when the effects of birth weight were controlled for. There was no effect of either IUGR or sex on the levels of RXR␣, adiponectin, LPL, G3PDH, and GAPDH mRNA expression in perirenal fat (Table 4) . There was a significant interaction (p Ͻ 0.05) between the effects of IUGR and sex on PPAR␥ and leptin mRNA expression in perirenal fat (Fig. 3) . In female lambs, there was no difference in PPAR␥ and leptin mRNA expression in perirenal fat between the IUGR and control groups (Fig. 3) . PPAR␥ mRNA expression was directly related to plasma NEFA during the first 24 h after birth in both IUGR and control female lambs (r 2 ϭ 0.69, p Ͻ 0.01; Table 3 and Fig. 4) and this relationship persisted when the effects of birth weight were controlled for. PPAR␥ mRNA expression was also directly related to mean insulin concentrations during wk 1-3 (r 2 ϭ 0.61, p Ͻ 0.05), and this relationship persisted when the effects of mean plasma glucose and NEFA concentrations during wk 1-3 were controlled for. In females, the relative perirenal fat mass was directly related to PPAR␥ mRNA expression in both the IUGR (r 2 ϭ 0.93, p Ͻ 0.01) and control lambs (r 2 ϭ 0.85, p Ͻ 0.01) (Fig. 4) . This relationship persisted when the effects of mean plasma insulin concentrations were controlled for when data from control and IUGR lambs were combined (r 2 ϭ 0.45, p Ͻ 0.05). There was also a relationship between PPAR␥ and leptin mRNA expression in perirenal fat (r 2 ϭ 0.54, p Ͻ 0.01) and this relationship persisted when the effect of relative perirenal fat mass was controlled for (r 2 ϭ 0.79, p Ͻ 0.01). In females, adiponectin and LPL mRNA expression in perirenal fat were strongly related to each other (r 2 ϭ 0.78, p Ͻ 0.001), and this relationship was independent of the effect of PPAR␥ mRNA expression (r 2 ϭ 0.74, p Ͻ 0.01). There was also an independent relationship between LPL mRNA expression and G3PDH mRNA expression in perirenal fat (r 2 ϭ 0.46, p Ͻ 0.05).
In male lambs, PPAR␥ and leptin mRNA levels were each lower in the perirenal fat of IUGR when compared with control lambs (Fig. 3) , and PPAR␥ mRNA expression was directly related to birth weight (r 2 ϭ 0.37, p Ͻ 0.05). In addition, partial correlation analysis revealed that leptin mRNA expression was also directly related to birth weight independent of the effects of PPAR␥ mRNA expression (r 2 ϭ 0.42, p Ͻ 0.05). In contrast to females, PPAR␥ mRNA expression was not related to plasma NEFA concentrations during the first 24 h after birth (Table 3) and there was no relationship between the relative mass of perirenal fat and PPAR␥ mRNA expression.
In males, adiponectin and LPL mRNA expression in perirenal fat were strongly related to each other (r 2 ϭ 0.79, p Ͻ 0.0001) and this relationship persisted when the effects of PPAR␥ mRNA expression (r 2 ϭ 0.74, p Ͻ 0.0001) or G3PDH mRNA expression (r 2 ϭ 0.88, p Ͻ 0.0001) were controlled for. There was also a relationship between plasma NEFA during the first 24 h after birth and the expression of adiponectin mRNA, LPL mRNA, and G3PDH mRNA in the male lambs (Table 3) .
DISCUSSION
IUGR and postnatal growth. The IUGR lambs in this study were smaller and thinner at birth and had a higher daily fractional growth rate in the first 2 wk of life compared with control lambs. Consistent with previous studies, IUGR lambs grew faster and had not caught up to their control counterparts in terms of weight or length by 21 d (15, 17, 18) . IUGR lambs had lower plasma NEFA concentrations during the first 24 h after birth and throughout the first 3 wk after birth. There was also a direct relationship between birth weight and plasma NEFA concentrations, which suggests that a reduced fetal IUGR and the development of perirenal adipose tissue. There was no difference between IUGR and control lambs in the relative mass of perirenal or omental adipose tissue present at 21 d of life, or between the mean size of adipocytes. In previous studies, lambs that were IUGR were found to have a higher relative mass of perirenal and total visceral fat at 6 wk of age when compared with controls, a higher total body fat content than their higher birthweight counterparts when measured at the same body weight (20 kg) 40 -50 d after birth (15) and a higher abdominal fat mass at 2 y of age (17) .
IUGR and the expression of adipogenic and lipogenic genes in the female lamb. Female lambs had a significantly greater relative mass of perirenal fat, but do not have larger perirenal adipocytes when compared with male lambs at 3 wk of age. This suggests that the increased mass of the perirenal fat depot in females is predominantly a result of hyperplasia rather than hypertrophy. It has been previously shown that clonal expansion of growth arrested preadipocytes is predominantly modulated by stimulation of IGF1-receptor by both plasma insulin and IGF1 (24) . In this study, the mean size of the perirenal adipocytes was directly related to plasma insulin concentrations during the first 24 h after birth in both males and females, whereas perirenal fat mass in females, but not males, was related to plasma glucose and insulin concentrations during the first 3 wk after birth. Although modulators of adipocyte hyperplasia other than insulin, in particular IGF1, may also contribute to fat deposition during this period, the results of this study provide evidence that, in females, there is an impact of insulin both immediately after birth and during the first 3 wk of postnatal life on adipogenesis and therefore suggest that there is an increased responsiveness of adipose tissue to insulin in the female lamb, compared with the male lamb. Fatty acids are one of the principal inducers of adipocyte differentiation (25, 26) , and in both IUGR and control female lambs, there was a relationship between plasma NEFA concentrations during the first 24 h after birth and relative perirenal fat mass at 3 wk of life. There was also a direct relationship between plasma NEFA concentrations during the first 24 h and perirenal PPAR␥ mRNA expression. Although the slope of this relationship was similar in IUGR and control females, perirenal PPAR␥ mRNA expression was higher at any given plasma NEFA concentration on d 1 in the IUGR, compared with the control group. This may suggest, therefore, that female lambs, in which plasma insulin concentrations are low relative to the male, fatty acids may act as transcriptional activators of PPAR␥ expression resulting in enhanced insulin signaling and hyperplasia of the perirenal adipocytes and resulting in a greater relative mass of perirenal fat in females than in males at 3 wk of age (25) (Fig. 5A) .
IUGR and the expression of adipogenic and lipogenic genes in the male lamb. In male lambs, the size of the perirenal adipocytes and relative perirenal fat mass at 3 wk of age were each related to plasma insulin concentrations during the first 24 h after birth. Therefore, in males, insulin in the early perinatal period seems to be an important determinant of the subsequent triglyceride storage capacity of perirenal adipocytes and perirenal fat mass in early life. In male lambs, in contrast to females, PPAR␥ and leptin mRNA expression in perirenal fat were each lower in the IUGR compared with control group. Interestingly, in males there was also no relationship between plasma NEFA concentrations on d 1of life and either perirenal fat mass or PPAR␥ mRNA expression. One possibility is that the presence of the relatively higher insulin concentrations in the male lamb compared with the female is associated with a reduced activation and/or expression of PPAR␥ when fatty acid concentrations are low (Fig.  5B ). An alternate explanation is that the levels of other modulators of PPAR␥ expression, such as IGF1, are affected differently by growth restriction in males and females. A decrease in PPAR␥ mRNA expression in adipose tissue is associated with a decrease in adipose tissue and hepatic insulin sensitivity, particularly during periods of high caloric intake (27) . Therefore, the reduced expression of PPAR␥ mRNA in the perirenal visceral fat depot of male IUGR lambs may be associated with the emergence of insulin resistance of adipose tissue during the early postnatal period and predispose male IUGR lambs to the subsequent development of an insulin resistant phenotype. We have previously reported that there was a decrease in leptin expression in perirenal adipose tissue in male and female IUGR compared with control fetal sheep at 140 -145-d gestation (19) . Thus, this study suggests that this decrease persists into postnatal life in males. In this study, we found that the lower leptin expression in the IUGR male lambs was not associated with a reduction in circulating plasma leptin levels. This may be a consequence of the relatively small contribution of the perirenal depot to systemic leptin concentrations, but relatively lower leptin secretion from this or other visceral fat depots may have an important impact on the paracrine or hepatic regulation of lipid metabolism and insulin sensitivity.
In this study, we have found that plasma insulin concentrations during the first 24 h after birth predicted the level of adiponectin expression in perirenal fat in both male and female lambs at 3 wk of age, and that plasma NEFA concentrations during the first 24 h after birth predicted the expression of adiponectin mRNA in the perirenal adipose tissue in male lambs. Whether there is a longer term impact of the early low circulating plasma NEFA concentrations in IUGR male lambs on subsequent adiponectin expression in the visceral fat after the initial postnatal growth period will be important to determine. A novel finding of this study was that here was a strong relationship between the expression of adiponectin and LPL in the perirenal fat in both male and female lambs.
Thus, the early nutritional environment, as represented by birth weight and plasma insulin and NEFA concentrations during the first 24 h of life, determines the subsequent growth and functional development of visceral adipose tissue. There are sex specific differences in the impact of IUGR on the regulation of PPAR␥ and leptin expression in perirenal adipose tissue and separately, plasma insulin and NEFA concentrations in early postnatal life predict the subsequent level of expression of adiponectin in visceral fat. We have demonstrated that there are early changes in the expression of PPAR␥ and leptin mRNA in the visceral adipose tissue of IUGR male lambs, which precede the emergence of an obese phenotype. Therefore, this study clearly highlights that the early postnatal period is a potentially critical time for nutritional intervention to limit the adverse metabolic consequences of being small for gestational age. Summary diagrams highlighting the effects of early insulin exposure on the development of perirenal fat and on PPAR␥ and leptin mRNA expression in the female and male lamb. Decreased intrauterine substrate supply results in IUGR and lower circulating plasma NEFA concentrations during the first 24 h after birth. In female lambs (A), in the presence of lower plasma insulin concentrations, plasma NEFA concentrations during the first 24 h after birth drive the expression of PPAR␥ mRNA and the relative mass of perirenal fat at 21 d. This may occur through NEFA activation of PPAR␥ expression, resulting in enhanced insulin signaling and hyperplasia of the perirenal adipocytes and resulting in a greater relative mass of perirenal fat in females than in males at 3 wk of age. In the male lamb (B), in the presence of higher plasma insulin concentrations, there is reduced NEFA activation of PPAR␥ and leptin gene expression and plasma insulin concentrations immediately after birth represent the predominant drive to both perirenal adipocyte size and relative perirenal fat mass at 3 wk of age.
